Spliceosomes are assembled in stages. The first stage forms complex E, which is characterized by the presence of U1 snRNPs base-paired to the 5 0 splice site, components recognizing the 3 0 splice site and proteins thought to connect them. The splice sites are held in close proximity and the pre-mRNA is committed to splicing. Despite this, the sites for splicing appear not to be fixed until the next complex (A) forms. We have investigated the reasons why 5 0 splice sites are not fixed in complex E, using single molecule methods to determine the stoichiometry of U1 snRNPs bound to pre-mRNA with one or two strong 5 0 splice sites. In complex E most transcripts with two alternative 5 0 splice sites were bound by two U1 snRNPs. However, the surplus U1 snRNPs were displaced during complex A formation in an ATP-dependent process requiring an intact 3 0 splice site. This process leaves only one U1 snRNP per complex A, regardless of the number of potential sites. We propose a mechanism for selection of the 5 0 splice site. Our results show that constitutive splicing components need not be present in a fixed stoichiometry in a splicing complex.
INTRODUCTION
Little is known at a molecular level about the processes that connect the recognition of potential splice sites to the selection of particular splice sites during pre-mRNA splicing. Splicing is essential for mammalian gene expression, because almost all protein-coding genes contain introns, but it is quite unlike transcription and translation in that there is no stable complex that mediates catalysis and there are no high-resolution structures for the catalytic entity. Moreover, there are on average around seven significant alternative splicing events per multi-exon gene, generating an as yet uncounted number of mRNA and protein isoforms (1, 2) . This means that there is a very high level of flexibility in the processes recognizing the sites of action.
Both in vivo (3, 4) and in vitro (5, 6) , spliceosomes assemble on each intron by the incorporation of five small ribonucleoprotein particles (snRNPs) in a series of consecutive steps. In vitro, native gel electrophoresis has shown that a simple transcript containing two exons separated by a short intron will be incorporated successively into complexes designated E, A, B and C (7, 8) . Complex E contains U1 snRNP, base-paired via its U1 snRNA component with the 5 0 splice site, and weakly associated U2 snRNP (9) . The U2 snRNP becomes base-paired with the branchpoint in complex A, and the U4/U6.U5 tri-snRNP is incorporated in complex B. Complex B undergoes substantial remodelling, including the loss of U1 and U4 snRNPs, to form a catalytically competent spliceosome that mediates the first transesterification reaction (10) . The intermediate-containing complex C catalyses the second reaction, in which the exons are spliced together. The number of protein components in each complex has been catalogued in full only on a simple model substrate, MINX, where there appear to be about 100-140 proteins in the purified complexes (9, 11) . Not all of these have been identified.
Complex E is necessary for the subsequent assembly of complex A (12) . It assembles only on substrates with splice sites and it is committed to splicing (9) (10) (11) (12) (13) (14) . There is a functional association in assembly between the 5 0 and 3 0 splice sites (14) . Recent evidence suggests that this functional association reflects a physical link. Complex E on MINX contains the U1 snRNP, the U2 snRNP, the SMN complex and other proteins that might mediate or affect recognition of the splice sites (9) . These include the SR proteins, a family of RNA-binding proteins involved in constitutive and alternative splicing that is characterized by the presence of one or two RRM-type RNA-binding domains and a C-terminal domain rich in RS dipeptides.
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One of these, the protein SRSF1, is known to affect 5 0 splice site selection and the efficiency of complex E formation (15) by stabilizing the binding of U1 snRNPs (16) (17) (18) . U2 auxiliary factor (U2AF), a heterodimer, recognizes polypyrimidine tracts at the 3 0 splice site. In addition, there are two proteins that might mediate interactions between the 5 0 and 3 0 splice sites. PRPF40A is an orthologue of yeast Prp40, which is part of the U1 snRNP and can interact with the branchpoint-binding protein, although in humans PRPF40A is associated with U2 snRNPs (9) . DDX46 is an orthologue of yeast Prp5, which can bridge U1 and U2 snRNPs (19) . The existence of these interactions is supported by experiments using hydroxyl radical probes attached either near the 3 0 splice site (20) or at the 5 0 -end of U2 snRNA (21) , which showed that the 5 0 and 3 0 splice sites are close in complex E, i.e. within $2 nm. Thus, it appears that in complex E splicing components are bound to the splice sites and the sites are held in close proximity.
The foregoing picture suggests that the splice sites are selected before or during the process of complex E formation. However, for both 5 0 and 3 0 splice-sites, it has been found that a shift in preferences between alternative sites can be induced after complex E formation by the addition of a splicing activator that binds a nearby enhancer sequence (22, 23) . Particular sites are only committed to splicing after assembly of complex A. In the case of 5 0 splice sites, this commitment process required a separate ATP hydrolysis step, although its role is not clear (22) . These results appear to conflict with the evidence that the 5 0 and 3 0 sites are recognized and, apparently, held together in complex E. One possibility in regard to 5 0 splice-sites is that the U1 snRNP forms only weak interactions with a 5 0 splice site and that, tethered within complex E, a single U1 snRNP is able to dissociate and reassociate with candidate sites. A critical test of this is whether only one U1 snRNP is bound to the pre-mRNA in complex E. We have previously shown that both of two alternative 5 0 splice sites are protected concurrently against digestion by RNase H, but it is not possible to exclude the explanation that only one U1 snRNP was bound and that it sequestered both sites within complex E. Determination of the number of U1 snRNPs present in complex E can be done using single molecule methods. We show here that most pre-mRNA molecules with two alternative 5 0 splice sites are bound by two U1 snRNPs in complex E, but an ATP-dependent process eliminates one of the snRNPs during progression to complex A. We infer that the ATP-dependent commitment of sites involves destabilization of alternative complexes.
MATERIALS AND METHODS
Radioactive pre-mRNA, splicing in vitro and gel analysis of complexes Transcripts were prepared from b-globin and adenovirus based templates as described (17, 24, 25) . The 5 0 splice site in transcript C, CAG/GUAAGU, was replaced in transcript M with CGGAU. Splicing reactions were done as described (26) in either commercial HeLa extracts (Cilbiotech) or extracts containing fusion proteins, made as described below. Native gel electrophoresis was as described (7) for 3.5-7 h. To stall complexes at complex A, the extract was incubated with 0.3 mM (one intron) or 0.5 mM (two introns) anacardic acid (Calbiochem). The anti-U6 2 0 -O-methyl oligonucleotide was incubated with extract at 1 mM for 15 min at 30 C prior to addition of RNA. Ribonuclease H treatment was as described (26) .
Cloning and expression of mEGFP-U1A
The full reading frame of mEGFP-U1A was fused to the C-terminus of mEGFP, which carried a mutation (A206K) that prevents dimerization (27) . A linker encoding (gly) 3 ser was inserted between the C-terminus of mEGFP and N-terminus of U1A. Plasmid was transfected into HeLa cells and active nuclear extracts prepared as described (28) . Quantification of the relative abundance of U1A and mEGFP-U1A ( Figure 1B ) was done using western blotting with a mouse monoclonal antibody (Ab55751 AbCam) and fluorescent anti-mouse secondary antibodies (Ir Dye 800 CW; LiCor) with excitation at 778 nm and detection at 795 nm using an Odyssey system (LiCor). The demonstration of activity and quantification of relative abundance shown in Figure 1A and B were done with the preparation of extract used for all the single molecule analyses. To conserve this preparation, Figures 1D and E were done with a different sample prepared likewise.
Immunoprecipitation and biotin affinity purification
Immunoprecipitation was done with protein G beads (Pierce) and a Living Colours Full-length A.v. polyclonal antibody to GFP (Clontech). Co-precipitated pre-mRNA was detected after gel electrophoresis with a phosphor imager ( Figure 1C ). Affinity purification was done with Neutravidin-agarose beads (Pierce) from splicing reactions containing biotinylated RNA at 50 nM. The U1A protein was detected by western blotting, using a mouse monoclonal antibody (29) with protein A/ G-peroxidase (Thermo Fisher) and chemiluminescence ( Figure 1D and E).
Fluorescent oligonucleotides
Oligonucleotides were synthesized and purified by Eurogentec, dissolved and stored following the manufacturer's instructions. Anti-U1-Cy5 (Cy5-UGCCAGGUAA GUAU-biotin, all 2 0 -O-methyl) was used for tethering U1snRNP. Bg-5 0 -Cy5 (Cy5-UAGACAACCAGCAGCC C-biotin, 2-O-methyl/LNA) was used for tethering globin-based RNAs. Bg-3 0 -Alexa488 (Alexa Fluor 488-A CCAAAAUGAUGAGAC) was used to create electrophoretic mobility shifts of spliced products containing the 3 0 -end of the transcript. Oligo-9 (Cy5-ACCUGCAG GCAUGCA-biotin, 2 0 -O-methyl) was used to tether Ad1CC RNA; Oligo-9 and Ad1-intron (Cy3-TGCAGC AAGCTTGACAAC, all 2 0 -O-methyl) were used for dual labelling.
Cold transcription and oligonucleotide annealing
Uncapped cold transcripts were purified using S-300 columns (GE Healthcare) and phenol-chloroform extraction. RNA at 0.8-1.5 mM was incubated with 1 mM oligonucleotide in 30 ml reaction volumes in 10 mM HEPES, pH 8 and 100 mM NaCl. The mixture was heated to 80 C for 5 min and then cooled to 45 C on a hot block. The mixture was incubated on ice before being run on a 6% denaturing polyacrylamide gel and imaged using a Typhoon imager (GE Healthcare). A sample from each set with minimal free oligonucleotide was used for single molecule analysis.
Microscopy, acquisition of data and analysis of bleaching Samples were prepared as described (30) except that the last wash contained an oxygen scavenger comprising 50 nM protocatechuate 3,4-dioxygenase (Sigma) and 2.5 mM protocatechuic acid (Spectrum Chemicals) (31) . Imaging was done using prism-based TIRF microscopy as described (30) . A cumulative image was calculated to identify co-localized Cy5 and mEGFP signals. Time series intensities of mEGFP fluorescence from these spots were analysed, and the numbers of apparent bleaching steps recorded. With an oligonucleotide containing only a single binding site for U1 snRNP, 88% of the spots showed single step bleaching and 12% showed bleaching in two steps (designated dimers). This result, together with the known fraction of U1A labelled with mEGFP (0.505), was used to calculate a probability of dimer formation ($0.27) assuming that unlabelled U1A showed the same behaviour. Calculation of the fractions of spots expected to bleach in one to four steps when two U1 snRNPS were bound was done by calculating the binomial distribution of such molecules containing two, three or four molecules of U1A, and for each class calculating the binomial 32 P-labelled pre-mRNA was incubated in extracts expressing mEGFP-U1A or mEGFP and immunoprecipitated with anti-GFP antibodies. The RNA was analysed by gel electrophoresis and radioactivity is shown. The lanes were juxtaposed for illustration by removing intervening lanes of no relevance. (D) Analysis by western blotting of mEGFP-U1A incorporation into U1 snRNPs purified using a biotinylated oligonucleotide complementary to U1 snRNA. The extract made from cells expressing transfected mEGFP-U1A is compared with commercial HeLa nuclear extract; samples represent aliquots of the extract (input), the recovered proteins (+) and control samples in which no biotinylated oligonucleotide had been added to the extract (À). (E) Dependence of association of mEGFP-U1A with pre-mRNA on U1 snRNP. Biotinylated pre-mRNA (+RNA) was incubated in extract and recovered on avidin beads; U1A protein was detected by western blotting. The extract was treated also with oligonucleotides and RNase H to cleave the 5 0 -end of U1 snRNA (+RNA, ÁU1). Controls lacked biotinylated RNA (ÀRNA).
distribution of mEGFP-labelled U1A, where the probability was 0.505. To allow for possible heterogeneity of the complexes, the fractions of molecules expected to be bound by one or two U1 snRNPs were varied at intervals of 10%, and chi-squared tests of goodness of fit to the observed distributions were calculated. We assume that the probabilities for association of U1 snRNPs containing normal U1A or mEGFP-U1A depend only on their relative abundance. Inspection of the crystal structure of U1 snRNP containing a portion of U1A shows that the protein is far removed from the site of interaction with the 5 0 splice site or other constraints (32), and we consider this assumption reasonable. We disregarded the effects of bleaching prior to recording [<10% of molecules (30)]. About one-quarter of all co-localized spots in each experiment did not show clear mEGFP bleaching steps and were not counted. We assumed that these spots would not modify the distributions of bleaching in discrete steps because the proportion did not depend on any variable not associated with the binding properties of U1 snRNPs. Moreover, such spots were found also in the absence of co-localized pre-mRNA, where U1 snRNPs had adsorbed non-specifically onto the surface.
Computational model of the diffusion of a random coil
RNA was modelled as a freely jointed chain with a Kuhn segment length of 6 nt. Conformational structures were simulated by a computer program using a random number algorithm (33) to select any values of the azimuthal and inclination angles in a 3D coordinate system centred on each joint in the chain. The locations of the two U1 snRNPs were identified in a sequence of different structures. The number of instances in which either U1 snRNP made contact with the 3 0 splice site was determined, and the sequence was terminated after 5000 contacts. These represented on average $1% of the structures tested. The distance between the downstream U1 snRNP and the 3 0 splice site was fixed at 576 nt. The distribution of distances between the U1 snRNPs and the 3 0 splice site was found for all simulated structures by counting frequencies in binned increments corresponding to a length of 0.01 nt. The variations tested included setting the Kuhn segment length at 25 nt and constraining the joints to take any of five orthogonal directions, excluding direct reversal.
RESULTS
To enable detection of single U1 snRNPs, nuclear extracts were made from HeLa cells expressing a protein in which mEGFP was fused to U1A, an integral U1 snRNP protein. U1A was chosen for several reasons. It binds stem-loop 1 of the snRNA, and a crystal structure of the snRNP containing the first of the two RNA-binding domains of U1A shows that this stem-loop is not folded into the main body of the snRNP and the U1A domain makes no contacts with the other proteins (32) . Neither U1A nor its binding site on the U1 snRNA are required for splicing or splice site selection (34) (35) (36) . GFP fusions of U1A have been used and validated as labels for the U1 snRNP (37, 38) . The extracts were shown to be functional in splicing assays ( Figure 1A ). The ratio of mEGFP-U1A to endogenous U1A in the extract used for single molecule experiments was measured by western blotting as 1.02:1 ( Figure 1B ). The fusion protein was shown to associate with pre-mRNA by immunoprecipitation ( Figure 1C ). Moreover, its recovery on avidin beads depended on the presence of a biotinylated substrate for the U1 snRNP, either in the form of a 2 0 -O-methyl oligonucleotide complementary to the 5 0 -end of U1 snRNA ( Figure 1D ) or biotinylated pre-mRNA ( Figure 1E ). In the latter case, mEGFP-U1A did not associate with the pre-mRNA if the 5 0 -end of U1 snRNA had been cleaved by RNase H. We conclude that the association of mEGFP-U1A protein with substrate RNA was dependent on inclusion into U1 snRNPs. U1 snRNPs are neither involved in the catalytic steps of splicing nor essential for them; their function is in 5 0 splice site binding and recognition (39) (40) (41) (42) .
To establish the signal associated with binding of one snRNP, the extract containing mEGFP-U1A was incubated with a fluorescent biotinylated oligonucleotide complementary to the 5 0 -end of U1 snRNA, injected onto the surface of a streptavidin-coated silica slide, and time courses of mEGFP fluorescence recorded for spots with co-localized oligonucleotide and protein fluorescence. Most co-localized spots showed clear steps in mEGFP bleaching (Figure 2 ), 298 (88%) in one step and 39 (12%) in two; no spots showed bleaching in three steps. Bleaching in two steps may arise in part from the ability of U1A to form homodimers (43, 44) , since similar fractions were seen with non-co-localized GFP spots (72 spots and 9 spots, respectively). Around one-quarter of the spots observed could not be assigned with certainty to any class. Non-co-localized spots of mEGFP in this and other experiments arise from non-specific attachment to the surface, since they are observed at similar levels in the absence of any biotinylated oligonucleotide or RNA (data not shown). We have used the 88:12 distribution hereafter for the values expected from association of a single U1 snRNP with pre-mRNA.
Binding of U1 snRNPs in complex E
To determine the number of U1 snRNPs bound in complex E with a single 5 0 splice site, we used a globin-derived pre-mRNA with one CAG/GUAAGU 5 0 splice site (C, Figure 3A ). This splices with high efficiency ( Figure 3B ). An otherwise identical transcript lacking the splice site (M, Figure 3A) showed only weak splicing to a cryptic site, showing that 5 0 splice site recognition is limiting. The pre-mRNA was labelled by hybridization to an oligonucleotide that contained the fluorophore Cy5 at the 5 0 -end and a biotin group at the 3 0 -end ( Figure 3C ). The oligonucleotide did not interfere with splicing and remained bound quantitatively to the pre-mRNA not only during the splicing reactions but also during electrophoresis in 7 M urea ( Figure 3D ). The hybridized pre-mRNA formed complex E when incubated in nuclear extract in the absence of ATP, dependent on both a 5 0 splice site and the 5 0 -end of U1 snRNA (data not shown); importantly, when incubated in the presence of ATP the hybridized RNA spliced as normal ( Figure 3D ). After incubation of labelled transcript under these conditions, dilution and injection onto a streptavidin-coated silica slide, 87% of the co-localized Cy5 and mEGFP fluorophores that showed photobleaching of the mEGFP in steps ( Figure 3E ) did so in a single step, consistent with binding of a single U1 snRNP (Tables 1 and 2 ). To ensure that no U1 snRNPs bound in the steps following incubation in the extract, the transcript and extract were incubated separately, diluted and then combined. Importantly, no co-localization was detected. The mutant globin transcripts that lack the normal 5 0 splicesite showed 8-fold reduced co-localization, consistent with the reduced efficiency of splicing from a cryptic site (a representative field of view is shown in Figure 3F ). The last two experiments demonstrate that co-localization arises from binding rather than coincidental proximity and that the complexes detected had formed during the incubation in splicing conditions. We conclude that there is one stably-bound U1 snRNP in complex E on transcripts containing one 5 0 splice site. With a similar transcript containing two identical 5 0 splice sites (C174C) or an adenovirus-based transcript with two such 5 0 splice sites (Ad1CC), the fractions of co-localized spots showing photobleaching of mEGFP in two steps increased 3-fold ( Table 1 ). The fractions exclude the possibility that these are homogeneous populations with only one U1 snRNP on each transcript (Table 2) . Instead, the distributions observed are close to those expected if there were homogeneous populations with two U1 snRNPs bound. To take account of possible heterogeneity in the population, the distributions of spots bleaching in one or two steps were calculated assuming that 10%, 20%, 30%, etc. of the transcripts were bound by only one U1 snRNP. The numbers bleaching in three steps were too low to be included. The experimental data for both C174C and Ad1CC corresponded most closely to a distribution in which 70% of the transcripts were bound by two U1 snRNPs. We infer that the protection against oligonucleotide-directed RNase H cleavage of both alternative 5 0 splice sites in most molecules of C174C observed previously (17) can be attributed directly to U1 snRNP occupancy. The relatively small fraction of molecules protected at only one site in those experiments is consistent with the existence of some heterogeneity.
To confirm that both of the 5 0 splice sites were in principle functional, and that the sequence separating the two sites in C174C did not bind U1 snRNPs, individual sites were deleted. The remaining site in both M174C and C174M was functional (Figure 4 ) and the predicted distributions suggest that only one U1 snRNP was recruited in complex E (Table 1) .
We conclude that it is possible for two U1 snRNPs to be bound to alternative 5 0 splice sites in a single particle of complex E, notwithstanding the evidence that a 5 0 and a 3 0 splice site are held in close proximity within the complex.
Binding of U1 snRNPs in complex A
Kinetic trap experiments have shown that particular 5 0 splice sites are committed to splicing in complex A (22) . However, the presence of a second U1 snRNP in complex A as in complex E would be expected to leave open the possibility of shifting to another site. To test this, the assembly of splicing complexes on the various pre-mRNA substrates in nuclear extracts in the presence of ATP was stalled at complex A either with an oligonucleotide complementary to U6 snRNA (21) or with anacardic acid (45) (Figure 5 ). Strikingly, analysis of the fluorescence time courses of single molecule complexes by TIRF microscopy showed primarily single-step photobleaching of mEGFP, i.e. that only one U1 snRNP was bound to the transcripts irrespective of the number of 5 0 splice sites (Tables 3 and 4 ). In the absence of a 3 0 splice site (transcript C174CÁ3 0 ), the results show that many molecules with two 5 0 splice sites retain both U1 snRNPs.
Removal of surplus U1 snRNP during progression from complex E to complex A If two U1 snRNPs are found in complex E but only one in complex A, it is likely that the redundant snRNP is A B Figure 2 . Representative time courses of fluorescence from mEGFP-U1A co-localized with single molecules of anti-U1-Cy5 biotinylated oligonucleotide. Emission was collected in frames of 200 ms. A factory offset in the emCCD produces intensity readings in arbitrary units around 100. The 488 nm laser exciting mEGFP was switched on at frame 27. Bleaching took place in one (A) or two (B) steps.
destabilized or removed as complex A assembles. However, it is possible that assembly of complex A, in the presence of ATP, bypasses complex E. To show more directly that the processes forming complex A are able to destabilize the surplus snRNP, Ad1CC RNA was incubated in an extract containing the oligonucleotide complementary to U6 snRNA but in the absence of ATP, allowing complex E to form; after removal of a sample for TIRF analysis, ATP was added and complex A allowed to form. The results show that most transcripts were associated with two molecules of U1 snRNP before ATP was added but that afterwards the majority were 0 -oligo, pre-mRNA was incubated in splicing reactions at 50 nM after hybridization to oligonucleotide Bg-5 0 -Cy5, complementary to the 5 0 16 nt of the transcript, and the splicing of the fraction that was radiolabelled detected after electrophoresis; 3 0 oligo, pre-mRNA was incubated in splicing reactions at 50 nM after hybridization to oligonucleotide Bg-3 0 -Alexa488, complementary to the 3 0 15 nt of the transcript; control, radiolabelled RNA spliced at 1 nM in the absence of oligonucleotide. RNA molecules with complementarity to the oligonucleotides show reduced mobility. (E) A representative TIRF microscope field showing co-localization of transcript C (red) and mEGFP-U1A (green) in the absence of ATP. Transcript C was annealed to the fluorescent biotinylated oligonucleotide Bg-5 0 -Cy5, and incubated with nuclear extract containing mEGFP-U1A. The mixture was diluted and injected into a chamber on a prepared silica slide. Fluorescence from the molecules attached to the surface was detected by TIRF. The images obtained in the Cy5 and GFP channels were superimposed and then offset slightly to show both colours. White circles show co-localized Cy5 and GFP signals. Figure 3E . The sole example of co-localization is circled.
bound to only one snRNP (Tables 5 and 6 ). Thus, we conclude that the superfluous U1 snRNP on the upstream 5 0 splice site is displaced during the transition from complex E to complex A and that this process requires an intact 3 0 splice site.
Binding of U1 snRNPs to pre-mRNA containing multiple introns
The removal of surplus U1 snRNPs during formation of complex A might jeopardise U1 snRNPs present at the 5 0 splice site of a separate upstream intron. This possibility was tested using transcripts containing a duplication of the intron and flanking exon sequences of transcript C (CEC; Figure 6A ). All three exons were spliced in nuclear extracts ( Figure 6B ). The splicing complexes that assembled were significantly larger than those seen on transcript C after incubations of 2.5 and, most strikingly, 15 and 30 min ( Figure 6C ). If these large complexes contained two distinct spliceosomes, then cleavage with ribonuclease H in the central exon of CEC would produce complexes equivalent in size to the individual spliceosomes formed on transcript C. This was observed ( Figure 6D ). Single molecule analyses showed that the addition of ATP had only a small effect on the number of U1 snRNPs present (Tables 7 and 8 ). We conclude that the destabilization is restricted to surplus U1 snRNPs.
Concentrations of active U1 snRNPs affect splice site selection
Both C174C and Ad1CC pre-mRNAs are spliced predominantly to the intron-proximal 5 0 splice site. To test whether this is connected to the observed binding of U1 snRNPs to both alternative 5 0 splice sites in complex E, the concentration of active U1 snRNPs was reduced by adding a 2 0 -O-methyl oligonucleotide complementary to the 5 0 -end of U1 snRNA. This reduced the positional bias in splicing ( Figure 7 ). This suggests that the bias towards the intron-proximal site usually is a result of high occupancy by U1 snRNPs in complex E rather than an intrinsic property of the assembly of complex A. The result is consistent with models that complex E is an intermediate in the assembly of complex A.
DISCUSSION
Previous evidence has demonstrated that the 5 0 and 3 0 splice sites are held in close proximity to each other and to the snRNAs in complex E (20, 21) and that this complex is committed to splicing (9, (12) (13) (14) . Recent kinetic trap experiments have shown that the sites to be used for splicing are not committed until complex A (22) . The purpose of our experiments was to test one model that might be able to reconcile these results, i.e. that a single U1 snRNP was held in complex E but that it was able to form only weak interactions with the 5 0 splice sites and therefore could exchange between sites ( Figure 8A ). Our results show that this is not the case. Instead, complex E appears to be compatible with concurrent binding by at least two U1 snRNPs, whereas only one U1 snRNP is bound in complex A. ATP hydrolysis has been shown by Kotlajich et al. to be required for the commitment of splice sites, separately from the ATP hydrolysis involved in complex A assembly (22) . Our findings suggest that this requirement might arise because an ATP-dependent process displaces any factors binding alternative splice sites. Moreover, further binding by U1 snRNPs to orphan 5 0 splice sites is eliminated. The method we have used involves the assembly of complexes, followed by rapid dilution, capture of complexes onto the surface of a silica slide and detection by total internal reflection fluorescence microscopy. This has the advantage that the complexes have been assembled under standard conditions. There is no artefactual binding after dilution, and the process is so rapid that we have not seen any evidence for losses by dissociation. The preservation of the complexes is unsurprising, since complexes E and A withstand purification processes The numbers of transcripts expected to bleach in one or two steps were calculated from the relative abundance of mEGFP-tagged and endogenous U1A proteins and the frequency of observing bleaching in one or two steps with U1 snRNPs captured on a short 5 0 splice site oligonucleotide. The left-hand columns show the fractions of transcripts bound by one or two U1 snRNPs used for calculating the expected distributions and the other columns show for each data set in Table 1 the probability that a value of chi-square at least as high as that calculated would arise by chance if the null hypothesis were correct. Values < 0.01 are rounded to the nearest integer factor of ten. The result showing the highest probability is boxed in each case. using centrifugation velocity and column chromatography that can last for as long as 2 days. It is not possible at present to work with fluorescently labelled protein factors at functional concentrations to follow mammalian splicing in real time on the surface of the slide. U1 snRNPs, SR proteins, hnRNP proteins and other factors involved in splice site selection in mammalian pre-mRNA have to be present at around micromolar concentrations to be functional. If unbound fluorophores were present at these concentrations, proper visualization of fluorophores bound to the pre-mRNA on the surface would be impossible. In contrast, real-time observations have been made on yeast pre-mRNA splicing, under conditions where protein components at concentrations of $20 nM supported splicing (6) . The use of nuclear extracts derived from transfected cells entails the presence of some endogenous U1A protein. In the current case, the concentrations of the fusion and endogenous proteins were approximately equal, and there was no effect on splice site selection. It is likely that feedback inhibition of U1A on polyadenylation of its own pre-mRNA ensures that the overall levels of U1A are not affected significantly (46) . Moreover, the mEGFP-U1A protein only binds premRNA via its attachment to U1 snRNA ( Figure 1E ). The predicted distributions of the bleaching steps assumed that the fractions of U1A and mEGFP-U1A followed a binomial distribution in which the probability that a snRNP contained mEGFP-U1A depended on the relative abundance of the two proteins. This seems reasonable, given the properties of U1A (see 'Results' section). A second assumption made in calculating the distributions of the bleaching steps expected if two U1 snRNPs were bound was that the probability of association of two molecules of U1A on one U1 snRNP, calculated from the control experiment when U1 snRNPs were recruited to a short oligonucleotide, was unaffected by the presence of the mEGFP moiety. If the endogenous U1A had a lower or higher propensity to associate, then the calculated fractions of molecules with two 5 0 splice sites bound by two Figure 4 . Time courses of splicing of pre-mRNA sequences containing two 5 0 splice sites (C174C and Ad1CC). These splice almost wholly to the intron-proximal site. To confirm functionality of the individual sites, additional substrates were tested in which either of the two sites in C174C had been deleted (M174C and C174M). Asterisks mark intron lariats from use of the downstream site in Ad1CC.
A B Figure 5 . Stalling of spliceosome assembly at complex A. (A) Inhibition of assembly on transcript C with a 2 0 -O-methyl oligonucleotide complementary to U6 snRNA (21) . After incubation at 30 C for 0, 5, 15, 30 and 60 min in a commercial nuclear extract, reactions were treated with heparin and subjected to electrophoresis on agarose gels. The identities of the complexes are marked on the right. +, presence of oligonucleotide at 1 mM; À, no oligonucleotide. (B) Inhibition of assembly on transcript C after inclusion of anacardic acid at various concentrations (0.1, 0.3 and 0.5 mM). Pre-mRNA was incubated in the reaction mixtures for 0 (left lane) and 30 min (right lane). À, negative control lacking anacardic acid; +, positive control with oligonucleotide complementary to U6 snRNA. 0.3 mM anacardic acid prevents assembly of complex B without increasing levels of complex H. Table 3 . Observed numbers of transcripts associated with bleaching of mGFP-U1A in discrete steps after incubation in the presence of ATP
Transcript
Bleaching in one step
Bleaching in two steps
Bleaching in three steps C+a-U6  66  7  3  C+AA  69  7  1  C174C+a-U6  79  10  0  C174C+AA  86  12  5  C174CÁ3  0 +a-U6  70  26  2  Ad1 CC+a-U6  50  6  0  Ad1 CC+AA  95  14  4 Assembly was stalled at complex A by the inclusion of either anacardic acid (+ AA) or an oligonucleotide complementary to U6 snRNA (+ a-U6).
U1 snRNPs would be either an underestimate or an overestimate, respectively. Our results showed that two U1 snRNPs were present on the majority of the transcripts with two 5 0 splice sites in complex E. We have previously shown almost complete protection of both 5 0 splice sites in C174C against ribonuclease cleavage in conditions allowing assembly of complex E (17). The protection was interpreted to be a consequence of U1 snRNP binding because it was eliminated by cleavage of the 5 0 -end of U1 snRNA and could be produced by pure U1 snRNPs. Our present results demonstrate directly that, in complex E, transcripts can be bound by two U1 snRNPs, and we conclude that for C174C, C24C and Ad1CC this is the case for most transcripts.
The mechanism by which the surpus U1 snRNP is removed from the alternative 5 0 splice site during the subsequent assembly of complex A is unknown, but this process is likely to underlie the commitment to specific sites noted after complex A assembly (22) . One possibility is that complex A itself displaces surplus U1 snRNPs as it forms, which is consistent with the requirement for ATP and a 3 0 splice site. There are two arguments against this: Kotlajich et al. observed that commitment, unlike complex A formation, required ATP hydrolysis (22) , and complexes do not make extensive contacts beyond the selected 5 0 splice site (47) and are therefore unlikely to physically exclude a snRNP bound 174-nt upstream. Instead, the dependence on ATP and a 3 0 splice site suggest that displacement is mediated by an RNAdependent ATPase or helicase that acts in association with complex A formation. Two RNA helicases are known to associate with early complexes, both of which belong to the DEAD-box class of superfamily 2 helicases. UAP56 is recruited by interactions with the polypyrimidine-bound U2AF65 protein, and it is required for U2 snRNP to bind the branchpoint (48) . However, its helicase activity is not required for assembly of complex A (49), suggesting that it would not be involved in displacing U1 snRNPs. The other, DDX46, interacts with U1 and U2 snRNPs, and in Schizosaccharomyces pombe complex A formation requires ATP hydrolysis by its orthologue (Prp5) (50) . Interestingly, Prp5 interacts indirectly with U1-A protein (19) , which is not required for splicing (see above). This suggests that one activity of Prp5 might be the displacement of U1 snRNPs.
None of the mechanisms discussed above for displacement of the surplus U1 snRNPs addresses the mechanism by which the U1 snRNP to be displaced is identified. Splicing of C174C and Ad1CC is almost exclusively 
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See notes to Table 2 . Assembly of complex E was followed by addition of ATP and incubation to allow complexes to progress to complex A. Complex assembly beyond complex A was prevented by the inclusion of an oligonucleotide complementary to U6 snRNA (+ a-U6).
from the intron-proximal splice site, and we infer that it is the other site that loses the U1 snRNP during progression to complex A. A similar marked preference for an intron-proximal site has been observed in a number of experiments when the alternative sites have high levels of complementarity to U1 snRNA (17, (51) (52) (53) . Several lines of evidence suggested previously that the intron-proximal site is used whenever it is bound. In addition to the outcome of double occupancy, described here, these include: a correlation between U1 snRNP binding to the intron-proximal site, but not the distal site, measured by psoralen cross-linking, and the fraction of splicing from the sites (24); activity of a distal site if the proximal is weak but disuse if both sites are strong (17) ; increases in U1 snRNP binding at both of two alternative 5 0 splice sites when concentrations of SRSF1 are increased, with an increase in intron-proximal splicing (17, 24) . However, the mechanism selecting the intron-proximal site has remained obscure.
The ATP-dependent process that destabilizes surplus U1 snRNPs during complex A formation, described above, suggests one possible mechanism for selection.
It is conceivable that a bound U1 snRNP initiates helicase action in a 5 0 -direction, displacing intron-distal snRNPs. However, both the candidate helicases belong to the DEAD-box family and are not likely to act processively (54) . Moreover, such a mechanism does not explain the preference for one U1 snRNP rather than another. An obvious possibility is that the intron-proximal U1 snRNP is selected because it is the more likely of the two to contact the 3 0 splice site if the RNA were to behave like a 3D random coil. While this is plausible and has often been suggested (53) , it has never been tested. The simplest test is to determine how the use of the two sites depends on their separation, a test that was used previously to support a diffusional model for interactions between proteins bound to a enhancer sequence and a splice site. The dependence on distance based on diffusion can be predicted by both analytical calculations (55) and computer simulation based on a freely-jointed chain at thermodynamic equilibrium. These approaches predict a gradual increase in use of the intron-proximal site as the separation is increased (Figure 8 ). We have previously measured the use of two sites separated by a range of distances (56) (Figure 8 ). This shows that use of the intron-proximal site increases rapidly with separations beyond $30 nt and is $100% for separations of !45 nt. We conclude that the simple diffusional model does not describe the processes seen.
An alternative physical model is that the binding of U1 snRNPs alters the properties of the RNA. Exons appear more particulate than introns by electron microscopy (57) . This is likely to be the result of binding by SR proteins. If the binding of a U1 snRNP stimulated assembly of SR and SR-related proteins on its 5 0 -side, it is possible that the exon would become more rigid. Both computer simulations and analytical calculations of diffusion in which we treated the exon as a rigid rod predict probabilities for contacts between the 5 0 splice sites and the 3 0 splice site that are similar to the experimental data for splice site usage (Figure 8 ), in that use of the intron-proximal site increases Figure 7 . Induction of splicing at an intron-distal site of transcript G176G by addition of a 2 0 -O-methyl oligonucleotide complementary to U1 snRNA. G176G is identical to C174C with the exception that the splice sites contain a globin splice site sequence (AGG/GUGAGU) rather than the consensus sequence. Each concentration of oligonucleotide was tested in triplicate (bracketed), and in each reaction samples were analysed at 0 and 120 min. 0, no oligonucleotide. with separation and reaches $100%. The model does not account for the threshold separation at which distance starts to be effective, and 100% use of the intron-proximal site is seen at 45 nt rather than the 80 nt predicted by the model. The threshold may arise because of steric interference between the U1 snRNPs, preventing binding of SR proteins, and the earlier onset of exclusive use may arise because the form of the complex is not a rod or because of excluded volume effects. Nonetheless, we consider this model to be a better starting point for explanations of preferences for the intron-proximal site than any other yet suggested. Interestingly, it prompts the suggestion that exon-bound hnRNPs affect selection by introducing flexibility into the exon. The process of displacing the unused snRNP might be initiated by the formation of tight contacts between the other snRNP and the 3 0 splice site.
It has generally been thought that constitutive splicing complexes would be identical in all splicing events, and that only the regulatory or non-participating proteins would vary in abundance on specific introns. Our findings show unambiguously that there is not a fixed stoichiometry: the number of U1 snRNPs in the first complex, complex E, depends on the candidate sites. This raises the possibility that complex E will contain various numbers of other molecules involved in the recognition of RNA sequences.
